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A SPECTROSCOPIC METHOD OF TEMPERATURE
MEASUREMENT WHICH DOES NOT REQUIRE
TRANSITION PROBABILITIES

By R. T. Schneider, W, N. Woerner, and H. E. Wilhelm

SUMMARY

A spectroscopic method is described which allows temperature or pressure
measurement without the requirement of knowing the transition probabilities
of the spectrum lines employed. Neither calibration of a photographic plate
nor use of a radiation standard is required. The measurement is made by
comparing the intensity ratios of two spectrum lines emanating from two dif-
ferent locations in the plasma which have different temperatures. The appli-
cability is restricted to those pressure-temperature regions from the point
where appreciable ionization starts up to the point of complete ionization,

The theory underlying the method is presented and experimental results of

applying the method to a cesium plasma are reported.

INTRODUCTION

Most of the spectroscopic temperature measurement methods apply the
basic relation for the intensity of spectral lines. Assuming optically thin
plasma and Boltzmann distribution of the excited states of the atom, the in-

tensity (I) of a spectral line resulting from a transition m —n is given by

m n(P, T) ~Em/kT

m m
I = A hy  ———m—— e X £ 1
where

Agl = transition probability



gm -~ statistical weight
= Planck's constant
v = frequency
= n (P, T) = atom density
= u (T) = partition function
m - eXcitation energy

n

u

E

k = Boltzmann constant
T = temperature, °K

2

= geometric length

By means of Equation (1), the temperature can be determined from the ex-
perimentally observed absolute line intensity when the transition probability
and the atom density are known. However, this requires knowledge of the
transition probabilities and also requires an absolute measurement of the
radiation power. The requirement for an absolute measurement can be avoided
by determining the temperature from the intensity ratio of different spectral
lines.! * For the transition m — n and p —q, this intensity ratio is given by:

m m
I An Em e (Em -Ep)/kT (2)

n
p p b
Iq Aq gp Yq
In this case, only a relative measurement is necessary. Furthermore, only

relative transition probabilities must be known for which, in general, more

accurate values are available than for absolute transition probabilities.

Relative temperature measurement is possible, finally, without knowledge
of transition pr'obabili'cies.z'3 This method uses the relation for the intensity

ratio of an individual spectral line at different temperatures:

Em [ 1 1
In (T1) _ n(Py, T}) u(Ty) . k \T; Ty

*Superscripts identify references listed at the end of this r.eport.



Equation (3) allows measurement of relative spatial temperature changes
and absolute measurement of temperature profiles, if the temperature is al-
ready known at one point. If photographic detection is used, the wavelength
dependence of the sensitivity of the photographic emulsion need not be known

because only intensities of the same wavelength are compared.

If the intensity of a spectral line is plotted versus temperature, then the
intensity shows a maximum at a certain temperature, The temperature cor-
responding to this maximum of radiation intensity can be calculated by the

method of Fowler and Milne*

and used as a reference temperature in Equation
(3). Larenz® and Bartels® employed this method to determine absolute tem-

perature profiles in arcs.

In the following paragraphs, a similar method is described. However, this
method does not depend on the observation of an intensity maximum, Also, it
does not require knowledge of the transition probabilities or calibration of

photographic plates.

METHOD

The derivation of the fundamental relations on which the new method is
based is carried through for a plasma consisting of electrons and one kind of
ions and neutrals within a temperature range which eliminates considerations
of double and higher multiple ionizations. The plasma is presumed to have
uniform pressure and to be in approximate local thermodynamic equilibr:lum.>=<
It should be noted that the assumptions made place no restriction on the
method which can readily be extended to plasma mixtures,'® plasmas with

nonuniform pressure, and plasmas deviating from thermodynamic equilibrium,

*This elementary plasma model is chosen to demonstrate the principle of the

method without too many formal mathematical complications.




Introducing ''n_," ”n+,”

trons, ions, and neutrals, respectively, the ionization equilibrium of the

and "'n" as designations for the density of the elec-

plasma is described by Saha's equation:

n 27rm 3/2 uy (T)
n h2 u (T)
where
W = effective ionization energy

u = E gg e_Es/kT = partition function of the neutrals

s=0
5’: + -EL/kT . . .
uy = gs € partition function of the ions

s=0
gg, g; = statistical weights of the intrinsic states of the neutrals and ions
mg = electron mass
ES,ES = excitation energies of the intrinsic states of the neutrals and ions

Equation (4) must be supplemented by the equation of state
P = (n- +ny +n) kT (5)

(equal temperature of the components is assumed) and the condition for elec-

trical neutrality
n. = n, (6)

From Equations (4), (5), and (6), the particle densities can be calculated

T

as a function of temperature, "T," and total pressure, "P.'" For the neutral

density,

P q>. 1 1 P (7
= + - +
n =2 59T OkT




and for the density of the charged particles,

P
l’li__=-q) 1 - 1+ﬁ- (8)

Consider now two points in the plasma with different temperatures, T; and
To. Related to these two points, the following fundamental expression can be

calculated by means of Equation (7) as a function of temperature Ty

n (Ty) u (To) Ty
b =1 . Tyg= ———
®lary werp|” 2T 1-aTy ®

where the temperature Ty has been replaced by introducing the temperature

parameter
1 1
a == (10)
1 2

The expression ''b'" and the parameter "a'" can be measured by spectroscopic

methods, as shown in detail in subsequent paragraphs. Thus, by inserting the
experimentally determined a-value and b-value into the basic Equation (9), an
implicit equation in the temperature T1 is obtained, From this equation, the

temperature T, [and because of Equation (10), also the temperature Tz]can be

calculated numerically when the pressure is known,

Equation (15) can also be used as the basic relation for absolute measure-
ment of the plasma pressure P, After inserting the experimentally determined
a- and b-values, again an implicit relation in T1 and P is obtained from which

the pressure P can be calculated when the temperature T is known. *

*Under conditions of different plasma pressures, P; # Pg, only a relative

pressure measurement is possible.'



In deriving the basic relations for spectroscopic determination of the ex-
pression "b'" and the parameter "a," the applicability of Boltzmann equilibrium
statistics is presumed. The number density of atoms in excited state "m" is

then given by*"<

-E,/kT
gm ©
n, = n(T)—5 (11)
Z s o s /KT
s=0

For the ratio of the number densities of excited atoms in the state "'m'" at
two different points (T;) and (T,), it follows that:

m 1 1
(T n(T)  w(Ty " 57 " T
nm (Ty)  n(T,) u(T,)

(12)

According to Equations (1) and (12), the intensity ratio of two spectral lines
measured at two points with different temperatures (Tj and Tg) in the same

plasma, and resulting from one and the same transition, m —n, is given by

E., /1 1

I (Ty) n(Ty) u(Ty) ~ i}

n (T1 1 2 k \T; Ty
= . e

Ill;n (Tz) n (Tz) u (Tl)

(13)

Dividing Equation (13) by the corresponding equation for another transition

p—q, the following relation is obtained:

-1 (B., -E) /1 1
I (T (IR (T ) —mk—‘p— (‘.-'ITI' N T—)

2 (14)

p
In (Tg) |Ig (Ty)

**In the following equations, the dependence on the spatially constant pressure

(P) is not indicated for reasons of convenience.



By introducing the temperature parameter "a''—see Equation (10)—and the

decadic logarithms of the intensity ratios

m
. M (T,)
AY, = log
m
b (Ty)
(15)
Ig (Ty)
AYg = log
1§ (Tp)
Equation (14) can be rewritten in the form
kln 10
a 7 — [AYnm - AYS] (16)
Ep - By,

This relation permits the temperature parameter "a'' to be determined
spectroscopically by measuring the decadic logarithms of the intensity ratios
defined in Equation (15) for two spectrum lines, m —n and p —-q. Similarly,
by introducing the fundamental expression 'b''—see Equation (9) — Equation

(13) can be rewritten in the form:

E
b = AY,' + —2— - a (17)
k 1n 10

This relation shows, finally, that the fundamental expression '"b" can be

determined experimentally from the measured AYfln—value and the a-value.

The described method is effective even though the transition probabilities
may not be known. According to Equations (16) and (17), only the two excita-
tion energies, E,, and Ep, must be known, The terms AYnm and AYE compare
intensities at the same wavelength; therefore, the dependence of sensitivity
on the wavelength need not be known. Uncertainties in the spectral sensitivity
enter noticeably into the other spectroscopic methods—in particular, the line
ratio technique—see Equation (2). It is, therefore, very desirable to remove

this source of error.



In Figure 1 the attempt is made to explain the physical meaning of the AY
and to illustrate how the method works. In this figure, two typical curves—
log I versus temperature, T—are plotted. Where I is calculated according to
Equation (1), AYnm and AYg are defined by Equation (15) as the logarithm of the
ratio of the observed intensities. Since Figure 1 is a logarithm plot of the in-
tensity, AYrrln is represented as the length AB - CD = EB. The line AB is the
logarithm of the intensity observed at the temperature T1, and CD the logarithm
of the intensity observe_d-at t}itemgc_a_r:ature To. In the same way AYS is rep-
resented by the length AF - CH = GH. If the method is used for temperature
determination, AYrrln and AYg are measured. To show that it is possible, in a
unique way, to derive the temperatures T1 and Tg from these measured data,
it must first be shown that only one pair of temperatures T; and T, exists

which matches the measured intensities AYIIIn and AYS.

Log I L-\“e P a

clic Al LA
T'z Tz T'1 T1 T

4294-2

Figure 1. Schematic plot of Log I versus temperature
explaining the meaning of AY.



Assume the existence of a temperature T'1 which is supposed to match the
intensity pairs, Then, since AYnm is given as a certain length, a second tem-
perature T'2 is automatically defined, AY' = BE = B'E'. The definition of

n
AY[P gives A'B' - C'D' = B'E' = AYL.

Since T'z is now established, Yg = GH should be equal to G'H' because
that is a measured value. If G'H' is drawn into the diagram as equal to GH,
the curve of the line p —q is not intersected in F' but in F'". This is an in-
consistency because AYg should be equal to A'F' - C'H' per definition,
Therefore only one pair of temperatures (Tle) exists which matches the
measured pair of AY-values. In this connection, it is remembered that the

log I curves of the two different spectrum lines can never be parallel.

It can also now be seen why, in obtaining temperature or pressure mea-
surements, neither the transition probabilities nor a sensitivity calibration
of the photographic plate is required. Each would be a constant factor in the
equations under consideration. In the log I plot, this would mean a shift of
the curve parallel to the log I-axis. It would only change the distances BF and

DH. However, neither of them is used in this method.
EVALUATION PROCEDURES

The general mathematical procedure of evaluating the unknown temperature
consists of inserting the experimentally observed a- and b-values into Equation
(9) and calculating the unknown observable by iteration. In practical situations,
however, a graphical presentation aids clarification. For this purpose, the

theoretical curves representing the basic expression

- -

n(P, Ty) * u{T——
1-aTy (18)

T4
n {P, ————)- u (Tl)
l-aTl

L .

b = log




are drawn (abscissa) as a function of 'I‘1 wherein "a'" and "P" are treated as

parameters. From these parametric curve representations, the unknown
temperature, Tl’ is read as follows. The experimental a-value and the sec-
ond parameter, P, designate the theoretical b-curve that applies. The ex-
perimental b-value gives a definite point on this curve. The ordinate of this

point represents the unknown observable,

Theoretical b-curves after Equation (18) for Cs plasmas and a He-Cs mix-
ture are presented in Figures 2 through 10 as convenient for temperature
measurement. The graphs can also be used for approximate pressure deter-
mination. The used values of pressure, P, seeding ratio, e , and parameter,

a, are indicated on the individual graphs.
The ionization potential of Cs is taken as;
Weg = 3.893 eV

The depression of the ionization potential due to the electrostatic microfield

and the Debye-polarization,®

1/2
- n-
AW = 0,67 X 10 6 n_l/3 + 0,37 X 10”7 <—'I_‘.> eV (19)

representing under the given conditions a small correction, was considered by
means of a successive approximation.
As an example, consider the Cs lines 82 D —~62 P and 62 D — 62
pie, 3/2 1/2 3/2
P1/2’ from which the following a- and b-values were observed at a pressure of
P = 10 dyn cm™2:

(0.40 + 0.06) X 10 %ok ~1
0.25 + 0.10

o o
noon

10
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Applying these values to the proper curve (see Figure 2), the following is

obtained as temperature:
Ty = 2270 £ 130°K

The graphically estimated error (neglecting the influence of the pressure un-
ATl
certainty AP) corresponds to T 100 = 5.6%.

EXPERIMENTAL SETUP

To demonstrate the application of the new method on a plasma, a flow

stabilized free burning arc was chosen.

Figure 11 shows the schematic of the flow stabilized arc. The gas (in this
case, a He-Cs mixture) enters the arc column through a nozzle, surrounding
the tungsten cathode. The anode has a center hole through which the heated
gas mixture flows, After cooling, it enters a pump and is pumped back into
the nozzle. This arc configuration has several advantages. Cathode and anode
spots do not jump. The arc column is surrounded by a relatively cold annular
flow which stabilizes the arc., The gas stream pulls the cathode spot toward
the tip of the tungsten cathode and keeps it fixed there. The anode spot is
pulled through the bore in the anode so that this end of the arc also is geomet-
rically fixed. Since the arc column itself can be stabilized with the resulting
axial symmetric bell-shaped gas stream between cathode and anode, this con-
figuration seems to be adequate for experiments with Cs-seeded arcs. The
gas is heated when leaving by conduction and radiation from the hot cathode
(~1800°K) gradually up to about 1000°K before entering the discharge volume.
In the arc, the temperature increases up to 4000 to 10,000°K, depending on
arc current, seeding ratio, and mass flow. Each of these parameters can be
adjusted separately. This adjustability makes it possible to work in almost

any desired temperature range,

20
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Figure 12 shows the arc assembly. The sapphire observation ports and
the electrode assemblies (2) and (3) are flanged on the cylindrical stainless

steel chamber,

The anode (2) is a tungsten disk with a 1-mm bore, inserted in a bored
solid copper cylinder. The shoulder of the copper cylinder serves as gasket
for the knife edges of the vacuum flanges. The copper cylinder is brazed to
the water-cooled copper disk, The cathode (3) is a 2,.2-mm dia thoriated
tungsten rod held by an electrode holder which is brazed to a 0.375-in. copper
tube. The copper tube is welded at the tube fitting to the copper gasket be-
tween the bellows and the insulator. The insulator provides the cathode with
insulation from the stainless steel housing which is filled with the cover gas
and encloses the whole assembly. The cathode is insulated from the arc
chamber by an insulator. The two stainless steel bellows provide mobility
of the cathode relative to arc chamber and housing. The cathode can be moved

coaxially about 2 cm, allowing ignition of the arc by contact of cathode and

21



anode. The seeded gas enters the cathode assembly through the stainless
steel tubing and is picked up by a tube. The gas then enters the arc chamber
coaxially around the cathode rod (3) and exits through the bore in the anode (2)

and stainless steel tube. The stainless steel tubes connect the assembly to

| Y

the loop.
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Figure 12. Arc assembly.
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As can be seen in Figure 12, all nonwelded seals confining the seeded gas
are surrounded by cover gas. The cover gas is sealed against atmosphere by
stainless steel O-rings at the flanges; by gaskets at the quartz window; by the
0.25-in, tube fitting; and the 0.375-in. tube fitting. The solid vacuum flange
is also welded to the tube fitting, The other tube fitting serves as a seal be-

tween cover gas and seeded gas.

The whole assembly is wire-heated and insulated to keep all walls in con-
tact with the seeded gas at a temperature higher than the seeding temperature

to prevent condensation,

Figure 13 shows a schematic of the complete system. The gas flows from
a chamber (a) through the seeding unit (b) and enters the arc chamber through
the nozzle surrounding the cathode (c¢) and exhausts through the anode (d) into
another chamber (e). From this chamber (e), the gas is pumped back into the
first chamber (a) by a pump (f). The flow is directed by two check valves (g)
and (h).

2 cross section that can be

As a pump, a stainless steel bellows with 40 cm
compressed about 1 cm is used. This arrangement yields 40 cm3 displace-
ment per stroke. The bottom of the bellows is turned inside to provide higher
over- and underpressure to activate the ball check valves. The chambers (a)
and (e) are stainless steel cylinders (175 X 8.5 cm) with 10-liter volume.
They serve as settling chambers for the gas and as evaporators and conden-
sers for the Cs, In addition, they allow blowdown operation in case short-
time, high-velocity gas flows are wanted. In this case, the pressure difference
between the chambers (a) and (e) can be increased above the pressure differ-
ence attained by the pump (f) by heating one cylinder (e) and cooling the other
cylinder (a) during pumping and then, with the valves closed, by cooling the

first cylinder (e) and heating the second cylinder (a) up to seeding temperature.

The seeding unit (b) consists of two concentric stainless steel pipes, 175
cm long; the space between the pipes is filled by a coil made from four 0.25-in,

stainless steel tubes wound in parallel on the inner pipe, giving 270 turns.
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Schematic of system.

Figure 13.
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The cylinders (a) and (e), seeder (b), pump (f), and connecting stainless
steel tubing are wrapped in Nichrome therm wire (proved up to 800°K) which
would allow Cs partial pressures up to 102 torr. The heated parts are insu-
lated by ceramic fiber blankets. The walls of the cylinders (a) and (e) and
the seeding unit (b) are temperature controlled, Under normal operating con-
ditions, units /(a), (e), and (b) and the connecting line between (a) and (b) are
kept at the selected seeding temperature, and the gas being passed through
the coils of/the seeding unit (b) is also preheated to seeding temperature,

All other surfaces are kept at higher temperature to prevent condensation.
The valves used in the system in contact with Cs are bellows-sealed stainless

steel.

The system is filled with 200 gm Cs.

EXPERIMENTAL RESULTS

The Cs-seeded He arc was used to test the proposed method. The arc was
imaged perpendicularly on the slit of a 10-m spectrograph. The spectrally
resolved cross sections of the arc were recorded on Kodak N-1 spectrographic

plates,

The atomic Cs spectrum is emitted from the region around the cathode,
where the seeded He flow enters the plasma chamber. The measurements
were thus restricted to a region from about 5 mm upstream to 2 mm down-

stream of the cathode tip.

Figure 14 shows photometric data of six Cs lines taken from the 10-amp,
65 vd-c arc with 1.2-cm electrode gap. The spectrum was taken at a cross
section 1 mm in front of the cathode., The photometric measurements were
made on a microdensitometer, The Cs lines were scanned in steps of 2 mm
on the photometer display, corresponding to 0.13 mm along the arc diameter.
The line profiles and adjacent background were recorded. The transformed

densities (W) were obtained by reading the recorded transmissions on a W-scale.
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Figure 14. Photographic density profile of Cs lines
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The steps AW, in the W-profiles in Figure 14 represent steps of the expo-
sure time 't'" obtained by gradually shielding off the central region of the arc
cross section by means of a wedge-shaped diaphragm placed in front of the
spectrograph slit. Under the assumption that the reciprocity law is valid—

i.e., that the photographic density is a function of the product alone (intensity

X time), the Y-values for the adjacent profile sections are given by 7, = Wt/
Algt with Algt = 1g 2/1 = 0,3, From the W-plots, Figure 14, the intensity pro-
files are derived by subtracting the AWt and dividing by the respective 7-factors.
After subtracting the relatively strong background intensities from profiles

A= 8761 A and A = 8079 A, three types of profiles (Figure 15) are obtained.

The common quality of the profiles belonging to the same type is the upper

level of the corresponding transition. Thus, the profiles of A= 8079 and

A = 6973 are represented by Ay with the characteristic quality E, = 2.6 104
cm™1; A= 4555, A =8761, and A= 4593 are represented by hp with E_ = 2.2 -
104 cm™!; A= 8943 (and X = 8521) is represented by A, with E, = 1.1+ 10%

cm'l.

For evaluation, the profiles are converted into radial distribution by the
Abels procedure (Figure 16). Since the intensity ofA  shows an off-center
peak, the temperature at point (1) can be determined by the Fowler-Milne
method. Because the temperature can be assumed to rise with constant regu-
larity toward the arc center, an off-center peak of the radial intensity corres-
ponds to a peak of the function I = I(T). In Figure 17, intensity versus tem-
perature is plotted for the Cs linesA ,, = 8943 and )‘p = 48555, with the seeding

, I(T) for A ,,, = 8943

has its maximum at 2000°K. In the present experiment, the system was kept

ratio a (in atmospheric He) as parameter, With a = 10~

at room temperature and the seeding ratio should be about a = 10'8. Assum-
ing that this seeding ratio exists in point (1), the corresponding temperature
would be 2000°K. The intensity, I(T), of A = 4555 reaches a maximum at about
2100°K (Figure 17), Between 2000 and 2100°K, the intensity of)\p = 4555 in~
creases about 0.2 in logarithmic scale. In Figure 16, however, the intensity
of)\p increases by 1.6 between point (1) and the arc center (3) without reach-
ing a maximum. As can be seen in Figure 17, there is no seeding ratio, a ,
for which A = 4555 can increase by more than 0.4 after passing the peak tem-

perature for A = 8943, It has to be assumed, therefore, that a is not constant
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Figure 15. Observed relative line intensity distribution across arc.

throughout the cross section. In this case, the usual procedure to build up

the temperature profile, starting from a known reference temperature, cannot
be applied. Here a modification of the proposed method is used to determine
the temperature profile and the Cs partial pressure profile. Since the quality

1 1
a=kln 10/Ep -E 0 (AY, - AYp) = — - —— does not contain the unknown pres-

Ty Tg
sure, it can be used to determine temperatures T2 if a reference-temperature
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Ty is known, On the other hand, with the quality b = AY,, + (E,/k In 10) - a =

g no (T1) u (Tp) _ ! ng (T)
n, (Tg) u (T ~°° ng (Tg)’

derived if the seeding ratio, a, at the point T; is known,

the Cs partial pressure at points T9 can be

Y
»
o

Line intensity, log I

0-81 E = 2.6 x 10% cm™!

0.6 Ep=2.2x104 em~1

0.4+ Em=1.1x104 cm‘1
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Figure 16. Relative radial intensity distribution of Cs lines with
different excitation energy E (cross section 1 mm from cathode).
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From Figure 16 (with log I = Y):
Yp (1) = 0.95; Yp (2) = 1.50; therefore,

AYpl,Z =Yp (1) - Yp (2) = -0.55

Y, (D) =2.43; Y, (2) = 1.50

AYm) g = Ym (1) - Yy (2) = +0,98

_ k In 10 , 4
From this and Equation (16): a = = AY,, —AYp with E_ = 2,2« 10

_ p
p~ ®m
-1 4 -1 -1 1 1
ecm™; Epy = 1.1 10 em™ " k1n 10 = 1.6 cm™+/°K—parameter a; o =-E——T—
s 1 9

1.6 - _
can be calculated a; 9= TT - 10 4 (0.90 + 0,55) = 2.11 - 10 4. The b-value

is calculated from the previous calculation and Equation (17):

E

b = AY =2
= + —— ;
m " ¥in 10
1.1+ 104 4
b =093 + ———— + 2,11 - 107% = 2,38
1,2 16

With the calculated values a9 and bl, 9 the temperature T1 and Ty can
be determined from the parametric b-curves if the Cs partial pressure at
points (1) and (2) is the same. For example, with seeding ratio a = 10’8, from
Figure 10, Ty is determined to be 1650°K; and T9 from 1/T9 = 1/T{ - a =

1 _4 _4
-2.11)- 10 =3.92 + 10 7; Ty = 2450°K,
0.165

However, in the investigated plasma, the Cs concentration turned out to be
not constant and in this case the parametric b-curves cannot be used, The
measured b-values are now used to determine the relative distribution of the
neutral Cs; the measured a-values yield the relative temperature distribution.
Thus, if at one point in the plasma the temperature is known, the a-values
give the absolute temperature profile. If at one point the number density, n,,
of the neutral Cs is known, the measured b-values give the absolute distri-

bution of ny. If the temperature profile is determined from the distribution
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of n,, the Cs concentration nj + n" and the seeding ratio n, + n+/nHe can be

calculated with Saha's equation.

It is assumed that the Cs concentration in the outer region of the arc (i.e.,
point 1, Figure 16) corresponds to the seeding ratio of the stabilizing He flow
(in this experiment a = 10'8, flow rate 100 cm3/sec). Then, witha.(l) = 10'8,
the peaking method applied on A = 8943, gives T(l) = 2000°K (see Figure 17).
With T(;) = 2000°K and a1y = 1075, from Allison tables n, ;) = 1.46 * 1010,

Now T(2) and ng, (2) can be calculated with the measured valuesa 1,2 and bl, 2

1
from a ] 9=——-—as follows:
4 T Ty
1 1 1
T = T - (l.l 2 =(ﬁ - 2,11) ° 10_4 = 2.89 ° 10-4,
(2) (1) ’

no (1) . Y%(2)
Mo (2) U(1)

T(Z) 3460°K from b1,2 = lg

U2
with

" =1, follows 1g ng (2) = lg ng (1) b1,2 =
(1)
7

10.16 - 2.38 = 7.78; ng (4 = 6.0 + 10

Temperature (T(B)) and neutral Cs density ng (3) at the arc center (3) are

calculated in the same manner,

Because the profile of A ,, is considered inaccurate in the central region due
to the blanketing effect of the strong off-center maximum, profile A; is used

instead.
From Figure 16:
Y (2) = 1.20; Yy (3) = 2.40; Y (2) - Yy (3) = AYy 9 3 = 1.20

Yp (2) = 1,50; Yp (3) = 2.40; Yp (2) - Yp (3) = AYp 2,3° -0.90
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With Ey - Ep = 0.4 ~ 1074, it is:

k ln 10 4
a9 g T ———— (AY 2.3 " AYt 9 3) = 1.6/0.4 - 10 (-0.90 + 1.20) =
’ Et - E b4, ’
P
1.2. 1074
i 2.2 + 104 4
by, 3 =AY, 5 g+ Ep/kIn 10+ ay 3= -0.90 + ———— - 1.2+ 107% = 0.75

Now temperature and neutral Cs density at point (3) can be calculated:

1 1 1 4 4
= -ay g = - 1.20)- 1074 = 1.70 - 10%;
T T(2) . 0.340

T(3) = 5900°K and
lg ng (3) = lg no (2) = by 3 = 7.78 - 0.75 = 7.03;
ng, (3) =1,1- 107

With temperatures and neutral Cs densities known at points (2) and (3), the
Csg, + Cs*

corresponding Cs concentration Csg + Cs' and seeding ratios—-—H———- are
e
determined.

From Allison tables by interpolation:

for T (2) = 3460°K, ng (2) = 6 - 107 it is a(2) = 107"

7

for T (3) = 5900°K, n, (3) = 1.1+ 107 it is a (3) = 107°-8 = 160 - 1078

The derived values for seeding ratio a and arc temperature are plotted

versus arc radius in Figure 18,
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